The present article contains a brief review on the role of vasopressinergic projections to the nucleus tractus solitarii in the genesis of reflex bradycardia and in the modulation of heart rate control during exercise. The effects of vasopressin on exercise tachycardia are discussed on the basis of both the endogenous peptide content changes and the heart rate response changes observed during running in sedentary and trained rats. Dynamic exercise caused a specific vasopressin content increase in dorsal and ventral brainstem areas. In accordance, rats pretreated with the peptide or the V 1 blocker into the nucleus tractus solitarii showed a significant potentiation or a marked blunting of the exercise tachycardia, respectively, without any change in the pressure response to exercise. It is proposed that the long-descending vasopressinergic pathway to the nucleus tractus solitarii serves as one link between the two main neural controllers of circulation, i.e., the central command and feedback control mechanisms driven by the peripheral receptors. Therefore, vasopressinergic input could contribute to the adjustment of heart rate response (and cardiac output) to the circulatory demand during exercise.
Introduction
Mechanisms governing the reflex control of the circulation and their integration at the bulbar level have been extensively studied (see reviews [1] [2] [3] [4] . Today it is well known that cardiac output, total peripheral resistance and venous capacitance are regulated on a moment-to-moment basis to keep blood pressure (and volume) within a narrow range, maintaining adequate blood supply to different territories in any behavioral condition.
To maintain blood pressure and adjust flow efficiently, the central nervous system (CNS) processes peripheral information about pressure levels, blood gases, pH, blood volume, temperature, etc. conveyed by different sets of receptors such as baroreceptors, chemoreceptors, cardiopulmonary receptors, and others. This information is integrated in different areas and at different levels of the CNS to provide adequate changes of sympathetic and parasympathetic tone to the heart and blood vessels, the main effectors of the circulatory system. arterial mechanoreceptors are tonically active at baseline pressure since they are stimulated by the systolic stretching of the vessel during each cardiac cycle. The firing rate of afferents can be increased or decreased instantaneously according to the larger or smaller stretch of the wall, proportional to the transient increase or decrease in pressure from control levels. Figure 1 shows both the pathways and main bulbar areas (with the respective excitatory and inhibitory amino acid neurotransmitters) involved in the primary circuitry of blood pressure control by baroreceptors. Sinus and aortic nerve afferents (that join the IX and X cranial nerves, respectively) convey the encoded information on blood pressure levels to the nucleus tractus solitarii (NTS), the first synaptic relay in the brainstem. Upon activation by a pressure increase, second-order neurons in the NTS excite: 1) the parasympathetic preganglionic neurons located in the nucleus ambiguus (AMB) and dorsal motor nucleus of the vagus (DMV, not shown) determining an increase in vagal outflow to the heart and bradycardia, and 2) the inhibitory gabaergic neurons in the caudal ventrolateral medulla (CVLM) that project to the rostral ventrolateral medulla (RVLM). The RVLM is a major source of sympathetic premotor neurons projecting to the sympathetic pre-ganglionic neurons located in the intermediolateral cell column (IML) of the spinal cord. Inhibition of RVLM triggered by a pressure increase causes reduction of sympathetic tone to blood vessels and heart, determining an increase in venous capacitance and a decrease in both total peripheral resistance and cardiac output, with a marked bradycardic response. Opposite responses, i.e., a decrease in venous capacitance (with an increase in venous return) and an increase in both total peripheral resistance and cardiac output, are observed dur- X ing a transient pressure decrease. In this case, the reduced or abolished baroreceptor discharge does not stimulate the parasympathetic preganglionic or the inhibitory gabaergic neurons.
It is important to note that activation of baroreceptors by a transient increase in pressure leads to a marked increase in vagal tone and withdrawal of sympathetic tone to the heart, causing strong reflex bradycardia.
Is reflex bradycardia always observed during a pressure increase?
The answer is no. During dynamic exercise, for instance (see Figure 2 ), there is a moderate (10-20 mmHg) and abrupt increase in pressure, maintained throughout the exercise, that is not accompanied by bradycardia but by a marked tachycardia (increase of 100 beats/min or more). Tachycardia is essential to maintain increased cardiac output (and pressure) that provides appropriate flow for exercising muscles. Flow to skeletal muscles exhibits a large and prompt increase, even at mild exercise intensity (0.4 km/h for rats, see Figure 2 ), an additional increase being observed at the transition from mild to moderate exercise intensity when the renal circulation (and other parts of the circulation with flow in excess of metabolic activity) starts presenting vasoconstriction, contributing to an increase in flow to active territories.
It has been shown that normal blood pressure, heart rate, cardiac output and systemic vascular resistance responses to exercise require functional arterial baroreceptors (6) (7) (8) (9) . There is also some experimental evidence demonstrating that baroreceptors are working properly during exercise. In rats, loading of baroreceptors during running on a treadmill produced reflex bradycardia (10) and the sensitivity of the bradycardic response after an acute bout of exercise was of similar magnitude as that seen during the resting period (11) . It has been proposed (8, 12 ) that reflex sensitivity is maintained during exercise because the operating point of the arterial baroreflex is reset to higher pressures. However, the mechanism(s) that would permit the coexistence of marked tachycardia with a moderate increase in blood pressure during exercise without changing the bradycardic protective response in the case of a further pressure challenge is (are) not known.
According to current theory, the circulatory control during exercise is governed by two main neural mechanisms: a "central command" and a feedback control mechanism driven by the receptors from cardiovascular areas and active muscles (9, 12, 13) . As shown schematically in Figure 3 , the "central command" is a feed-forward control to set the basic pattern of motor activity for the skeletal muscles. Skeletal muscle activation stimulates receptors located within the muscles themselves and causes, directly or indirectly, changes in total peripheral resistance, leading to an increase in pressure which is accompanied by an increase in oxygen consumption, a reduction of venous capacitance with an increase in venous return, and by heat production. These changes are continuously monitored by the baroreceptors, chemoreceptors, cardiopulmonary and thermosensitive receptors, respectively, which, together with the receptors located in active muscles, regulate the circulation in a reflex manner, determining appropriate changes in the autonomic control to the heart and vessels. Although it is likely that both feed-forward and feedback controllers of circulation should interact to regulate the arterial pressure and heart rate response during exercise, very little is known about this possible interaction. An attractive hypothesis, under investigation in our laboratory, is that central projections from integrative centers, such as those from the hypothalamus to the cardiovascular relay areas in the brainstem would serve as links between the "central command" and the feedback control driven by peripheral receptors (see dashed arrow in Figure 3 ).
Among the modulatory centers in the hypothalamus, the supraoptic (SON) and particularly the paraventricular nucleus (PVN) are of great importance in cardiovascular control. The PVN is a complex nucleus with two distinct regions (14, 15) : the magnocellular region synthesizes vasopressin and oxytocin which are released into the blood via the neurohypophysis (16) , while the neurons of the parvocellular region project to the brainstem areas (NTS, DMV, RVLM, IML) involved in the autonomic control of heart and vessels (17) (18) (19) (20) (21) (22) .
On the other hand, the NTS is a heterogeneous cell group containing different types of neurons in the brainstem. It appears to be an important candidate site for the proposed interaction between feed-forward and feedback controllers of the circulation during exercise because: 1) it is the first synaptic relay of all peripheral afferents in the CNS (4,22,23); 2) it projects to brainstem areas controlling parasympathetic and sympathetic outflow (2,4); 3) it projects directly (and indirectly via bulbar, pontine and midbrain groups) to PVN and SON nuclei, amygdala and cortex (4, (24) (25) (26) , and 4) interestingly, it receives monosynaptic projections from the PVN (17) (18) (19) (20) . The reciprocal direct NTS → PVN, PVN → NTS innervation provides a prompt feedback control loop through which the PVN, an important hypothalamic integrative center involved in autonomic and neuroendocrine control, could also modulate afferent cardiovascular inputs (level, type, distribution, etc.) coming from the periphery to the NTS (26) .
The long-descending monosynaptic projections from the PVN to the NTS have been shown to contain vasopressin, oxytocin, enkephalins and somatostatin (20) (21) (22) . Most importantly, the PVN has been shown to be the only source of vasopressinergic projections to the NTS (19, 20) ; inside the NTS vasopressin is contained only in fibers which make axo-somatic and axo-dendritic connections with NTS neurons (27) , an arrangement characteristic of a modulatory circuitry.
Based on these neuroanatomical/immunohistochemical data, on the demonstration that vasopressin receptors are present at high density in the NTS (28-31), on the knowledge that vasopressin has important cardiovascular effects (32, 33) , and on our previous observations that peripheral and central vasopressin administration produced hypertension but quite different heart rate responses (34-36), our next question was:
Is vasopressin in the NTS involved in baroreceptor reflex control of heart rate?
To answer this question, some years ago we developed a technique to chronically cannulate the dorsal brainstem and to administer peptides in the NTS of freely moving rats (37) . Administration of a suppressor dose of vasopressin restricted to the NTS (mimicking stimulation of the long-descending vasopressinergic projections to this area) did not change the sensitivity of the baroreceptor reflex control of heart rate, but displaced the set point of the reflex toward higher heart rate values (37) . This response contrasts with both the potentiation of the bradycardic response after intravenous vasopressin (38, 39) and the blunting of reflex bradycardia following injection of vasopressin into the cerebrospinal fluid of conscious rats (26,39, see also Table 1 ). The peripheral hormone vasopressin sensitizes the baroreceptor reflex through V 2 receptors accessible from the blood, while neuronal V 1 receptors show highly specific responses such as inhibition of the reflex bradycardia by the neurohormone released into the cerebrospinal fluid, but displacement of the operating point of the reflex by the neurotransmitter vasopressin released directly in the NTS upon stimulation of projections originating in the PVN. In addition, the lack of sensitivity for the bradycardic response during a pressure increase (gain not different from zero) observed after pretreatment of the NTS with a V 1 blocker (37) indicates that tonic activity of these projections is essential for the proper function of baroreceptor reflex control of heart rate.
Therefore, the reply to this question is yes. Although neurohormonal vasopressin (as well as the peripheral hormone) could also influence the reflex control of the heart, it appears that vasopressinergic projections to the NTS are of major importance because they constitute a pathway by which the PVN could directly modulate baroreceptor function (26) . In addition, by shifting the operating point of the baroreflex control of the heart toward higher heart rate values, the vasopressinergic input modulates the bradycardic response to pressure challenges: during small pressure increases within a range of 10-20 mmHg (similar to that observed during dynamic exercise, see Figure 2 ) there was no bradycardic response, i.e., pressure increased without changes in basal heart rate (26, 37) . This effect is consistent with and not opposite to the appearance of exercise tachycardia during 10-20 mmHg pressure increase, as observed in Figure 2 . On the other hand, in the same range of pressure change reflex bradycardia was significantly increased after endogenous blockade of V 1 receptors in the NTS (26, 37) .
Based on these observations, one may speculate that an increased discharge of vasopressinergic neurons in the NTS during exercise may be relevant to the problem of the genesis of centrally mediated exercise tachycardia.
Are there changes in the vasopressinergic input to the NTS during exercise?
To deal with this query we quantitated the vasopressin content in different areas of the CNS and plasma of sedentary and trained rats sacrificed at rest or after acute exercise tests on a treadmill (40) . The results obtained are summarized in Figure 4 . Immediately after the acute exercise tests, which resulted in maximal HR in both the sedentary and trained groups (increases of 150-170 beats/min over baseline values), we observed specific increases in vasopressin content only in the dorsal (DBS) and ventral brainstem (VBS) areas, corresponding to the solitarii-vagal complex and ventrolateral medulla, respectively. There were no changes in the spinal cord, PVN, SON, median eminence, posterior pituitary and plasma vasopressin levels after exercise in the sedentary and trained groups. Exercise-induced changes in DBS and VBS vasopressin content during exercise were observed in both sedentary and trained groups, but were significantly higher only in trained rats. These results clearly demonstrate that vasopressinergic projections to the NTS are activated during dynamic exercise. Furthermore, the specific increases of vasopressin content in DBS and VBS, with no detectable changes in the biosynthetic areas or in the magnocellular pathways to neurohypophysis or plasma levels (40) , emphasize that the central vasopressin system exerts a differential and specific control in special situations. Exercise has been shown to affect mostly the parvicellular vasopressinergic pathways from PVN to brainstem (40) .
Interactions between vasopressin content and baroreceptor function were already documented in a previous study (41) in which afferent input to the NTS region was interrupted via surgical denervation. Sinoaortic denervation produced differential changes in hypothalamic and brainstem vasopressin levels, with an increase in the brainstem and a decrease in the PVN and SON. It is not known whether alterations in peptide content are associated with changes in the local (DBS/VBS) secretion of vasopressin, or whether the DBS and VBS changes in vasopressin content observed during exercise are associated with cardiovascular responses to acute exercise. Since our previous results showed that exogenous administration and endogenous blockade of arginine peptide (AVP) in the NTS were able to shift the operating point of the reflex during a transient pressure increase, resulting in a smaller bradycardic response and an increased bradycardic response, respectively, we next investigated the role of AVP in exercise tachycardia.
Vasopressin in the NTS and its modulatory effect on exercise tachycardia
To determine whether changes in vasopressin content in the NTS are associated with cardiovascular responses to acute exercise we studied the blood pressure and heart rate response to exercise of chronically instrumented freely moving trained and sedentary rats after pretreatment of the NTS with vasopressin or a V 1 blocker (26, 40) . Administration of exogenous vasopressin in the NTS (mimicking an increased release into this area) specifically potentiated the tachycardic response without any change in blood pressure response during exercise. This effect was observed in both sedentary and trained rats. Most importantly (see Figure 5) , in rats pretreated with a V 1 blocker the exercise tachycardia was significantly blunted without any change in the pressure response. Blunting of the tachycardic response was observed in both sedentary and trained rats but was significantly larger in the trained rats (40; see Figure 6 ). Therefore, the functional results are consistent with vasopressin content, since the peptide was significantly increased in the DBS of trained rats immediately after acute exercise and endogenous blockade of vasopressin at this level caused a significantly larger decrease in the exercise tachycardia of trained rats.
It was also shown (40) that the effect of vasopressin in the NTS is mediated by V 1 receptors and is specific for the tachycardic response during exercise because V 1 receptor blockade did not change control levels of heart rate or mean arterial pressure (observed during the rest period) nor did it change the pressor response to exercise. During dynamic exercise, specific adaptive responses of the heart without any change in the pressure response were also observed in trained spontaneously hypertensive rats (SHR) when compared with sedentary control rats (42) .
Specific modulation of the heart rate response during exercise constitutes a very precise and selective mechanism for maintaining adequate cardiac output and blood flow to active muscles. It has been shown that during exercise the sympathetic outflow to the heart was the largest in the body and was increased by 17-fold, an increment at least 5 times higher than any other outflow tested (43) . This is a clear demonstration of the importance of the central control of the heart (heart rate, contractility, cardiac output) during exercise. In addition, our results concerning the changes in brainstem vasopressin content and specific potentiation or blunting of the heart rate response after vasopressin or V 1 blocker treatment in the NTS (40) suggest that vasopressinergic projections from the PVN to the NTS are part of the central mechanism that specifically modulates heart rate control during exercise.
It should be noted that immediately after acute exercise vasopressin content was also increased in the VBS. Although it is possible that suprabulbar vasopressinergic pathways could modulate heart rate control by a combined action on dorsal (afferent input) and ventral (efferent output) brainstem areas, the functional effects of vasopressin in the ventral brainstem remain to be determined. 
Conclusions
In summary, we observed that vasopressin is released in the NTS during acute exercise (40) and that increased content of vasopressin in the NTS by acting on V 1 receptors caused both a shift of the operating point of the arterial baroreflex toward higher heart rate values (determining a smaller bradycardic response during pressure increases without changing baroreflex sensitivity; 37) and a larger tachycardic response during exercise (26, 40) . It is not known whether these responses are caused by subtraction of the vagal output and/or by an increase in sympathetic output. Preliminary results (Michelini LC, unpublished observations) on loading of baroreceptors in the presence of sympathetic or vagal blockade (propranolol or atropine iv treatment, respectively) showed that vasopressin administration into the NTS was able to displace the bradycardic response toward higher heart rate values only in rats blocked with atropine (intact sympathetic outflow), suggesting that vasopressin in the NTS facilitates the sympathetic pathway or favors the inhibition of sympathetic withdrawal that usually occurs during transient blood pressure increases. It was also shown that tachycardia during dynamic exercise was due to instantaneous withdrawal of parasympathetic tone followed by a maintained increase of sympathetic tone (44) (45) (46) (47) . Possible contributions of vagal and/or sympathetic tone to the modulation of exercise tachycardia by central vasopressinergic input remain to be determined.
We may clarify that the vasopressinergic system of the NTS is not the only central mechanism involved in the genesis of exercise tachycardia (and/or central adaptations to training) because an AVP antagonist (AVP ant ) in this area did not block the heart rate response but only caused a partial blunting ( Figure 5 ). Several peptides have been identified in the solitarii-vagal complex (22) and some of them were shown to be present in the projections from the hypothalamus to this area (20) . It is likely that other peptidergic systems may be involved in the genesis of exercise tachycardia. Kregel et al. (48) showed that corticotropin-releasing factor is important since a partial blunting of the tachycardic response was observed after intracerebroventricular administration of its receptor antagonist. The oxytocinergic system has also been shown to be involved in stress-induced tachycardia (49) and to interact with the central vasopressinergic system in cardiovascular control (50, 51) . Preliminary results with oxytocin (52) administered into the solitarii-vagal complex showed that the peptide caused a significant blunting of the tachycardic response during dynamic exercise. Although the V 1 blocker used in our experiments is 100 times more potent as an antivasopressor than as an antioxytocic, we could not exclude possible effects due to a partial blockade of oxytocin in the brain- stem. However, stimulation of oxytocin receptors did not seem to be involved in the potentiation of exercise tachycardia since oxytocin administration into the solitariivagal complex (52) caused a significant blunting of the tachycardia during dynamic exercise, a response opposite to that observed with AVP. Therefore, during dynamic exercise oxytocinergic projections to the NTS should be less activated or not activated at all and the mechanism underlying exercise tachycardia seems to be different from that determining stress tachycardia. Taken together, the anatomic, immunohistochemical, radioautographic, biochemi-L.C. Michelini cal and functional data summarized in this review indicate that the long-descending projections from the PVN to the NTS in the brainstem are part of the central mechanism modulating baroreceptor reflex control of heart rate during exercise. As illustrated in Figure 7 , we propose that the vasopressinergic pathway to the nucleus tractus solitarii serves as one link between the "central command" and the reflex control of the heart and of the circulation, contributing to the adjustment of the heart rate response (and cardiac output) to the circulatory demand during dynamic exercise.
